Methods: Female Lewis rats were immunised with retinal extract (RE) and then treated as follows. Group 1 received no specific therapy and served as control; group 2 were fed CsA from day 7 to day 20 post immunisation; group 3 received inhalational tolerance therapy with RE in addition to CsA; tolerance therapy was continued after day 20 when CsA was stopped.
Methods: Female Lewis rats were immunised with retinal extract (RE) and then treated as follows. Group 1 received no specific therapy and served as control; group 2 were fed CsA from day 7 to day 20 post immunisation; group 3 received inhalational tolerance therapy with RE in addition to CsA; tolerance therapy was continued after day 20 when CsA was stopped.
Experiments varying the timing and dosage of both tolerising and immunising antigen were also performed, the details of which are described. Incidence, day of onset and clinical activity were recorded and histo pathological assessment of intraocular inflammation, in particular the extent of autoimmune target-organ damage, was graded semiquantitatively. In man, endogenous human posterior uveitis (EPU) is a sight-threatening, organ-specific autoimmune disease characterised by a chronic intraocular inflam mation where leucocytic infiltration is seen in the choroid, retina and vitreous cavity, and from which one of the results is destruction of the photoreceptor cells of the retina.1,2 In common with other auto immune conditions, present treatment of EPU combines systemic steroid therapy with low-dose cyclosporin A (CsA) and in severe cases additional cytotoxic agents such as azathioprine?. 4 Recently, newer immunotherapies, for example FK-5065 and monoclonal antibody (mAb) such as CAMPATH lH, 6 have been used with some success. However, immunosuppressive therapy is restricted by the need for long-term use, which gives rise to significant side effects and an undesirable incidence of disease relapse. Newer therapies which maintain a state of both immunological and disease-specific suppression are eagerly awaited. Arguably a more physiological method of inducing immunological tolerance with lower doses of antigen is via administration of microgram doses of antigen via the nasorespiratory tract (inhalational tolerance induction).18 Using this approach we have shown that inhalational tolerance induction with retinal antigens can successfully suppress EAU. 19, 20 This form of inhalational tolerance is retinal-antigen specific, and suppresses delayed type hypersensitivity reactivity, whilst maintaining T-dependent antibody production. 21 The true potential of this form of therapy, however, cannot be fully realised until at least two questions are resolved. Firstly, in all forms of tolerance induction for autoimmune disease it is still not known whether mucosal tolerance therapy suppresses active disease, although it has been shown experimentally that oral tolerance suppresses chronic relapsing EAE22 and passive (T cell line) induction of disease.1 4 In the clinical setting it is of particular importance to establish whether this form of therapy would be effective in sensitised individuals with active disease, as there is a delicate balance between possible exacerbation of autoimmune disease and suppression when antigens are administered via mucosal lymphoid tissue?3 Secondly, the role of tolerance induction to maintain a state of immuno regulation in patients who respond favourably to steroids and CsA (i.e. are sensitised to autoantigen and immunosuppressed) is also not known. The latter is highly pertinent since many potential recruits to mucosal tolerance therapy will in the present clinical setting require or are at present requiring immunosuppressive therapy.
The aim of the paper was therefore to determine whether administration of retinal autoantigens via
the nasorespiratory tract (inhalational tolerance) can suppress active EAU, either alone or in combination with oral CsA therapy, and maintain CsA-induced immunosuppression. Our approach was to evaluate the effect of oral CsA therapy combined with doses of retinal antigens administered intranasally (known to suppress EAU when given before immunisation), at various time intervals from 7 days after immunisa tion (i.e. after priming and generation of CD4+ T cells). Retinal antigens were administered as an unfractionated preparation of retinal extract (RE), which includes major uveitogenic retinal antigens, S Ag and interphotoreceptor retinoid binding protein (IRBP).
METHODS

Induction of EAU
Inbred adult female Lewis rats were obtained from the Animal Facilities, Medical School, University of Aberdeen. Six-to 8-week-old (150-200 g) rats were used in all experiments, which followed guidelines and approval of the Home Office, UK, for scientific experimentation and housing of animals. EAU was induced by intradermal footpad injections (0.1 ml) with 5.7-6.7 mg/ml of RE w/v in complete Freund's adjuvant (CFA) containing 0.5 mg H37RA M.
tuberculosis.
RE was prepared as previously described19,21 by hypotonic lysis of freshly dissected bovine retinae in the dark and contained uveitogenic proteins, including S-Ag and IRBP, as confirmed by SDS-PAGE electrophoresis (Pharmacia, Sweden) and western blot analysis.
lnhalational Tolerance and CsA Therapy
We initially performed experiments with CsA alone at various time periods before and after immunisa tion, in order to establish a model where the kinetics of intraocular inflammation in RE-induced EAU could be modified so that any synergistic or additive effect on clinical response as well as histological disease of intranasal administration of retinal auto antigens with CsA therapy could be adequately assessed. Animals were fed 15 mg/kg per day of CsA v/v in olive oil (see below) for 7 days prior to immunisation with 5.7 mg/ml of RE w/v CF A, and for 0-7, 7-13 and 7-20 days following immunisation (Table I) . Control animals were fed a weight matched dose of carrier (olive oil).
The investigation of the effect of combined therapy with various doses of tolerising and immu nising antigen over various time periods was per formed where animals were treated with nasal administration of RE or gastric feeding of CsA or both. The protocol for timing of combined therapy was established from the experiment detailed above (see Results). The protein concentration of RE used in these experiments for both nasal administration and immunisation was 5.7-6.7 mg/ml. The total nasal inoculum doses are detailed in the tables and the Results section. A dose of 15 mg/kg per day of CsA in 1 : 1 v/v of olive oil (Boots, Nottingham, UK) was administered via gastric lavage using a 4 FG intravenous cannula (Portex, Hythe, Kent). RE was administered at 30 I.Ll/nostril per day by an Oxford micropipette as previously describedJ 9 .21 Animals were administered RE nasally, either alone or in combination with CsA therapy, for days 7-11 and 14-18 post-immunisation (i.e. a total of 10 inocula tions) and in another group nasal RE inoculation was continued once weekly for a further 2 weeks (days 21 and 28 post-immunisation). The experiments were also repeated with higher nasal inoculating and immunising doses of RE in which nasal administra tion was also continued daily for days 7-35 post immunisation. CsA in all these experiments was in the form of Sandimmune oral solution (Sandoz, Switzerland). Control animals received a weight matched dose of olive oil via gastric lavage and/or 30 I.Ll/nostril of phosphate-buffered saline (PBS).
Clinical and Histological Assessment of EA U
Ocular examination was performed daily using slit lamp biomicroscopy. The day of onset, severity and course of uveitis were noted. Inflammation was graded 0-4 according to the degree of cellular/ inflammatory activity within the anterior chamber of the eye. 19 Histological examination was performed at the end of the experiment (days 21-35). Experi mental animals were killed by CO 2 asphyxiation and both eyes removed immediately and immersed in 2.5% glutaraldehyde in O.lM phosphate buffer, pH 7.2. Semi-thin sections were obtained to incorporate the entire uvea including sclera, choroid, retina, ciliary body, lens, iris and cornea. Tissue was processed in the conventional manner and stained routinely with haematoxylin and eosin. At least three sections from each eye were examined for histologi cal scoring under conventional bright field micro scopy. Histological scores were obtained using a semiquantitative scoring system previously described?O Scores were statistically evaluated using the Student's t-test and p<0.05 was considered significant.
Delayed Hypersensitivity Reactivity
Skin tests were performed on day 14 post-immunisa tion. First the animal's flanks were shaved and intradermal injections of 0.1 ml PBS, purified protein derivative (PPD; 100 f.Lg) and RE (100 f.LI; 5.7 mg/ml RE) were given in separate sites in the flank. The injection sites were noted for erythema and indura tion, and the increase in skin thickness was measured with a micrometer gauge at 4, 12, 24 and 48 hours post-injection. The extent of the swelling was calculated by subtracting the value for the PBS injected site from that of the test sites (PPD and RE).
RESULTS
CsA Therapy in Active EA U Prior to assessing combined mucosal tolerance and CsA therapy we established a model of CsA modified EAU, whereby at varying time points administration of CsA could modify the course of EAU, in particular with respect to both day of onset and clinical severity of intraocular inflammation (Table I) . Clinically, intraocular inflammation was completely abrogated when CsA was administered at 15 mg/kg per day during priming of the immune response, i.e. from day 0 to 7 post-immunisation with RE. Pretreatment with CsA before immunisation had no protective effect when compared with controls (Table I ). Of note is that when administering CsA after priming (from day 7 post-immunisation onward) its effectiveness was mostly a delay in the onset of disease with only a minimal reduction in intraocular inflammation clinically. This effect was dependent upon the length of time CsA was continued. Onset of disease in animals treated from days 7 to 13 post-immunisation occurred on day 18 compared with day 29 in animals treated from days 7 to 20 post-immunisation, and day 12 in control animals (Table I ). There was no significant difference in mean maximal clinical severity between the groups (mean scores of 2.8, 3 and 4, respectively). In all animals treated with CsA after immunisation there was a significant reduction in delayed hypersen sitivity reactivity (DTH) to RE which was not apparent in animals treated with CsA before immunisation (data not shown), confirming a sup pression of Th1 CD4+ T cell reactivity with CsA treatment. Therefore, to assess any possible effect of com bined therapy of CsA with nasal tolerance induction we chose to combine therapies after immunological priming from day 7 post-immunisation onward, where CsA therapy alone only modifies onset of disease and not severity. Firstly, this allows an We have previously shown that inhalational toler ance induction with microgram doses of retinal antigens gives rise to an antigen-specific suppression of DTH reactivity and clinical and pathological disease suppression when administered prior to immunisation.1 9.21 Using a similar dose regimen after immunisation, we attempted to modulate EAU during both immune priming and active disease with or without combination therapy with oral CsA. Given that CsA therapy (see above) provides a delay in onset of disease, but the incidence and severity of disease remain unchanged when given from day 7 to day 20 post-immunisation, assessment of whether combined therapy maintains or further suppresses EAU can be made. Table II shows that animals receiving tolerogenic doses of antigen via the nasorespiratory tract (total dose received of retinal extract is 3.4 mg19 over a period from day 7 to day 20 (days 7-11, 14-18) post immunisation with 250 j.1g of RE were unable to suppress clinical and histological disease in EAU (mean histological scores of 3.5 ± 0.4 controls; 3.2 ± 0.8 nasal RE group). However, when combined nasal administration of RE and oral CsA therapy was given for the same time period (over a period of day 7 to day 20 post-immunisation), the onset of disease was delayed. Furthermore, both clinical and histolo gical severity were significantly suppressed (2.0 ± 0, 2.4 ± 0.6 respectively, compared with controls 3.8 ± 0.5, 3.5 ± 0.4; Table II ). As we have previously shown (see above) CsA therapy alone delayed onset of disease without suppressing either the clinical or histological inflammatory response (clinical severity of 3.8 ± 0.5; histology score 3.5 ± 0.3; Table II ). When nasal administration of RE was continued weekly after CsA therapy had stopped, the major effect was not a significant further delay in onset of disease but maintained suppression of clinical and histological disease (histology scores of 2.3 ± 0.5 in combined therapy and 3.5 ± 0.3 in CsA therapy alone, p<O.Ol; clinical scores of 2.6 ± 0.8 in combined therapy and 3.8 ± 0.5 in CsA therapy alone, p<0.05; Table II ). These results are representative of repeated independent experiments where in all experiments there was a significant delay in onset of disease compared with controls when combined therapy was given. Furthermore, in one experiment all three animals in the combined treatment group failed to develop any signs of disease (either clinically or histologically) when inhalational toler ance was continued weekly, following CsA therapy, up to day 45 post-immunisation. Fig. 1 shows the histological findings at day 35 post-immunisation in the various treatment groups, and demonstrates the protective effect of combined CsA and inhalational tolerance therapy. In control, untreated animals there was marked retinal destruc tion with loss of target-organ rod outer segments (ROS loss; Fig. 1B, arrow) which was similar to the destruction of ROS in animals treated with CsA only (Fig. IC, arrowhead) , despite a delay in onset of disease. Note at this stage there is still considerable retinal infiltrate via the inner retinal vessels (Fig. 1C,  arrow) . A combination of CsA therapy with inhala tional tolerance, however, demonstrates a marked reduction in ROS loss. Only focal mononuclear retinal cell infiltrate is apparent (Fig. 1D, arrow) , and the majority of ROS remain unaffected ( Fig.  1D; R) .
We further assessed whether higher doses of intranasal RE when administered daily throughout the treatment period offered any additional effect. In these experiments, protein concentration of RE used was 6.7 mg/ml. RE was administered daily for days 7-20 or 7-35 post-immunisation (0.1 ml) with 350 j.1g of RE (a total inoculum dose of 5.3 mg and 11.3 mg of protein respectively) with combined oral CsA therapy as described before. The results show that **Continuing intranasal therapy after CsA therapy at a higher dose than experiment 1 did not result in any protection despite a delay in disease onset.
combined therapy from day 7 to day 20 post immunisation (Table III) delayed the onset of disease (day 31), reduced clinical severity and significantly suppressed histological disease com pared with no treatment and CsA therapy alone (histological scores of 1.8 ± 1.2 in combined therapy and 4.6 ± 0.7 in CsA therapy alone; p<0.02, Student's t-test). However, when inhalational ther apy with RE was continued daily until day 35 post immunisation suppression of the inflammatory response was not maintained, although onset of disease was still prolonged (day 33) (histology scores of 4 ± 1.1 in combined therapy and 4.6 ± 0.7 in CsA therapy alone; Table III) .
DISCUSSION
Mucosal tolerance induction with autoantigens, in particular via the oral route, in the treatment of autoimmune diseases such as rheumatoid arthritis, multiple sclerosis and idiopathic uveoretinitis is currently under clinical trial, without conclusive experimental evidence that mucosal tolerance can suppress active disease. We report on the successful suppression of active autoimmune inflammatory responses in a model of inhalational tolerance in CsA-modulated EAU. We have previously reported20 that nasal administration of antigens following immunisation only partially downregulated the inflammatory response but the suppression was variable, dependent upon both time and dose of therapy. The unreliability of such monotherapy is further highlighted in this report, where at doses used in these experiments nasal administration of antigens (days 7-20 post-immunisation) after T cell priming and before clinical disease was unsuccessful in suppressing active EAU, despite a slight delay in disease onset. The fact that nasal administration of RE does generate suppression is encouraging and helps, in part, to support the continuance of present clinical trials with mucosal tolerance therapy.17 However, the variable response and strict depen dence upon timing of treatment and dose of antigen given, highlights the potential difficulties which may occur in securing suppression clinically. Furthermore, the dose, timing and route of administration of tolerising antigen is particularly important as experi mentally both regulatory T cells as well as autoreactive T cells can be generated.23 Therefore clinical mucosal tolerance therapy with auto antigens has to be considered with caution. Future therapies that combine immunotherapies -for example, CsA and inhalational tolerance -may reduce the effect of these variables and successfully redress the immu noregulatory balance and maintain the desired immunosuppressive effect, and reduce the potential risk of exacerbating disease via mucosal tolerance therapy alone.
Our results indicate that inhalational tolerance can be induced in active disease and can maintain suppression in CsA-treated rats. Successful immu notherapy in man can be currently obtained with CsA 3, 4 and the successful combination of inhalational tolerance therapy and CsA in our animal model serves as a good indication that future studies of combined therapy in man should be undertaken within the present clinical setting of treatment of uveitis and other autoimmune diseases, in an attempt to obtain long-term immunosuppression without the requirement of chronic therapy and to reduce the toxicity of present therapy. Although inflammatory cell infiltration was found in animals receiving combined therapy, it is important to note that there was significant reduction in target-organ destruction of the rod outer segments on histological grading. This may reflect a significant delay in recruitment of inflammatory macrophages into the retina (Kreutzer, unpublished observations). The effect appears simi lar to the immunoregulation and minimised target organ damage seen with inhibition of TNF activity, where despite influx of fully activated CD4+ T cells there are fewer recruited activated macrophages and granulocytes in retinae? 4 The effect of combined therapy on cytokine production and the anti-inflam matory role of cytokines in this model are currently under investigation.
We are presently investigating the possible mechanisms of this synergy. Our results show that combined therapy is again dependent upon dose and timing of nasal administration of retinal antigens, as increasing dose and frequency can abrogate this synergistic response (Table III) , where daily nasal administration of RE continuing after cessation of CsA therapy results in marked ROS destruction. The suppressive effect of administering RE intranasally prior to immunisation is mainly accounted for by IRBP and S-Ag and the effect is antigen-specific?5 Also both IRBP and S-Ag when administered alone can inhibit RE-induced EAU, the mechanisms of which have been previously discussed?5 The two major mechanisms which are thought to mediate mucosal tolerance are anergy and active suppres sion? 6 Inhalational tolerance utilises lower doses of antigen and is mediated by active suppression.21.27 Furthermore, in other experimental models of autoimmune disease, for example EAE, active suppression induced by oral tolerance is regulated by cells secreting anti-inflammatory cytokines, such as transforming growth factor (TGF_j3). 28 As the suppression of low zone tolerance is mediated by T cells,2 6 the role of T cell cytokines in this response was investigated by Rizzo et al.,29 who showed that exogenous interleukin 2 (IL-2) administered in animals fed lower doses of antigen (although still much higher than the doses required to induce inhalational tolerance) potentiated the tolerogenic effect in a murine model of EAU, probably by secretion of anti-inflammatory cytokines. If a similar active suppressive mechanism exists for nasal toler ance in this model then it is interesting that low-dose nasal administration of retinal antigens to CsA treated animals suppresses the inflammatory response, where because of the IL-2 depleting effect of CsA, one may expect little or no autocrine IL-2 production. The role of IL-2 is pertinent to our model, in that previous workers have shown that combined anti-IL-2 and low-dose CsA therapy is unable to inhibit active EAU but does inhibit the uveitogenic T cell transfer model of EAU?O The levels and time response of IL-2 production and IL-2 secreting T cells are important for the efficacy of such treatment. However, in our model the levels of IL-2 may have been sufficient locally (respiratory mucosa and drainage lymph nodes) to induce active suppres sion, or indeed IL-2 may not play an integral role in inhalational tolerance induction at low doses or generate the production of IL-4 driven, Th2 CD4+ T cells. When we used higher doses of antigen, mucosal tolerance induction was lost, which may suggest that at this dose either auto reactive T cells were generated23 or tolerance induction is IL-2 dependent. The former is less likely as generation of autoreactive T cells requires IL-2 for proliferation and activation and would be expected to be absent in the presence of CsA. Recent evidence suggests that "yo T cells mediate active suppression in inhalational toler ance,31.32 although in our model of administering antigens nasally prior to immunisation, we have no direct support for this mechanism. We have shown that tolerised animals (pre-immunisation) that are subsequently protected against RE-induced disease have a population in the nasorespiratory drainage lymph nodes of both CD4+ and CD8+ T cells which have down-regulated aj3 T cell receptor expression. This may indicate either apoptosis or deletion of these subpopulations of T cells and the precise mechanism is currently being investigated (Laliotou, unpublished data) . Certainly, these cells are not "yO T cells and are not accounted for by a concurrent increase in monocyte/macrophage population or by a population of recent thymic immigrants. Whatever the mechanisms, we have shown that immunomodu lation with low-dose nasal administration of retinal antigens combined with CsA is successful not only in suppressing inflammation but in maintaining longer term immunoregulation and minimising target-organ damage. Pharmacological manipulation of immune responses (e.g. with CsA) will yield further insights into the cellular mechanisms and cytokine produc tion in mucosal tolerance induction. In turn, this will identify both the dose range and timing of therapy required to induce suppression and not potentially abrogate any suppression induced by concurrent therapy or at worst enhance the autoimmune response.
